A global three-dimensional chemical transport model is being developed for forecasting total ozone. The model includes detailed stratospheric chemistry and transport and couples with a dynamical module of the Meteorological Research Institute/Japan Meteorological Agency 1998 (MRI/JMA98) general circulation model, which can yield realistic atmospheric fields through a meteorological assimilation system. Its predictability on total ozone is investigated for up to 4 weeks from 1997 to 2000. Global root-mean-square errors (rmses) of a control run are approximately 10 DU (3% of total ozone) throughout a year; the control run results are used as initial values for hindcast experiments. Rmses of the hindcast experiments globally range from 10 to 30 DU. The anomaly correlation between the 5-day forecasts and satellite measurements is approximately 0.6 throughout a year in the mid-and high latitudes of both the Northern and Southern Hemispheres. Thus, the model has potential for utilization on total ozone forecasts up to 5 days. In the northern mid-and high latitudes, the model produces better total ozone forecasts than the persistence up to 2 weeks, indicating that the deterministic limit of the total ozone forecasts is durationally comparable to that of weather forecasts. Good correlations between changes in total ozone and 100-hPa geopotential height reveal that the predictability of the dynamical field in the lower stratosphere critically affects the predictability of total ozone.
Introduction
Increased exposure to UV radiation, especially at wavelengths from 280 to 320 nm (ultraviolet-B) , has increased the number of diagnoses of skin cancers and cataracts because of its highly harmful bioactivity; in addition, overexposure to UV-B radiation could damage not only human health but also the whole biological system (e.g., ACS 2004a,b).
UV-B radiation is absorbed by Hartley (280-300 nm) and Huggins (300-350 nm) bands, the latter of which selectively attenuates the shorter-wavelength irradiance of the sun. With the current abundance of atmospheric ozone, the ozone layer absorbs most of the shorter-wavelength UV-B, while the longer-wavelength UV-B reaches the earth's surface. Quantitatively, the extent of the UV-B attenuation and transmission de- pends not on the details of vertical profile but on the vertically integrated ozone, that is, total ozone. In fact, the inverse correlation between total ozone and UV-B irradiance at the ground has been reported and firmly established by numerous ground-based measurements (e.g., Kerr and McElroy 1993; Varotsos and Kondratyev 1995; Bodhaine et al. 1996 Bodhaine et al. , 1997 Takao et al. 1999) .
In the first half of the 1970s, a mechanism, now known as the anthropogenic "ozone depletion" processes, was proposed by Crutzen (1970) and Molina and Rowland (1974) : an increase in anthropogenic nitrogen oxides (NOx) or chlorofluorocarbons (CFCs) in the stratosphere leads to a catalytic decrease in the amount of stratospheric ozone. In the mid-1980s, Chubachi (1985) and Farman et al. (1985) first reported Antarctic anomalous ozone depletion events in springtime, which is now known as the ozone hole. Negative ozone trends have been observed since the 1980s not only in spring Antarctica but also, though not as drastically, in midlatitudes over both hemispheres in all seasons (e.g., WMO 1992 WMO , 1995 WMO , 1999 WMO , 2003 . The accumulated loss of total ozone for 1979 to 2000 is approximately 5.3% over northern midlatitudes (35°-60°N) and 5.7% over southern midlatitudes (35°-60°S) (Fioletov et al. 2002) . Consequently, warnings and advisories about the risk of UV-B exposure have been publicized, and people have been concerned about the increase in surface UV-B irradiance.
A UV irradiance index (UV index) for the dissemination of UV-B exposure information to the public has been recently used in daily weather reports or forecasts in some countries. The methodology of UV forecasts has been published by some agencies, for example, in the United States (Long et al. 1996) , Canada (Burrows 1997) , and Australia (Rikus 1997) . In the U.S. National Weather Service, Long et al. (1996) use a statistical scheme to obtain ozone forecast fields. The scheme assumes that the differences in ozone between the analysis derived from polar-orbiting satellite measurements and the forecast are statistically correlated with the corresponding differences in temperature (at 50 hPa) and geopotential height (100 and 500 hPa) from their operational global numerical weather prediction (NWP) model over the forecast period. The scheme produces better total ozone forecasts than the persistence within several days. In the Canadian Meteorological Centre, Burrows (1997) uses a statistical scheme that depends on the Total Ozone Mapping Spectrometer (TOMS) climatology and upper-tropopause temperatures, vorticity, and geopotential heights taken from a 1-day forecast by the operational global NWP model. In addition, the forecast is corrected using the results from a realtime network of Brewer spectrophotometers. In the Australian Bureau of Meteorology, Rikus (1997) uses a very simple advection scheme assuming that atmospheric ozone lies in a single thick layer and advects the layer with winds at the appropriate level of the global NWP model. The initial ozone fields are generated from the Television Infrared Observation Satellite (TIROS) Operational Vertical Sounder (TOVS) on polar-orbiting satellites. The vertical location of ozone at each grid point is taken from climatology, and the requisite meteorological fields are extracted from the 36-h forecast. Eskes et al. (2002) have reported their global ozone forecasts using the operational model of the European Centre for Medium-Range Weather Forecasts (ECMWF). The model, which includes threedimensional advection of ozone, total ozone assimilation with Kalman filter, and simplified chemistry, practically produces total ozone forecasts for up to 5 days.
Although the above-mentioned forecast schemes, except Eskes et al. (2002) , include advection effects of measured ozone fields as well as scattering and absorption effects for UV radiation by cloud droplets or aerosols, sufficiently accurate chemistry and transport processes are not included. These processes are indispensable for extending the forecast period of ozone fields. The present ozone forecast models based on statistical or simplified schemes thus provide only short-term (less than 3-day) forecasts and cannot estimate the effects of chemistry. In general, the chemical lifetime of ozone in the lower stratosphere [more than several months, e.g., Brasseur et al. (1999) ] is long enough for the variability to be mostly driven by transport within several days, except in the regions where there is rapid ozone loss in association with polar stratospheric clouds (PSCs). Hence the forecast length can be extended without full chemistry by using an elaborated transport procedure. The use of an accurate transport scheme and a brilliant assimilation system enables the simplified chemistry model of Eskes et al. (2002) to yield longer (but less than 6 days) forecasts of total ozone. They did not, however, exhibit the result of more than 6-day forecasts.
Chemistry should be incorporated into a global three-dimensional model to provide a more extended forecast of total ozone because the importance of the role of chemistry increases as the forecast period is lengthened. Since the 1990s, there have been many three-dimensional chemical transport models for stratospheric ozone; some of them are intended to be used for analysis of past and present phenomena (e.g., Akiyoshi et al. 2002; Davies et al. 2002; Deniel et al. 1998) . Others are used to predict future ozone behavior (e.g., Austin et al. 2002; Austin 2002; de Grandpré et al. 2000; Nagashima et al. 2002; Rozanov et al. 2001; Schnadt et al. 2002; Shindell et al. 1998) . However, whether analytical or predictive, all of these models have dealt with the boundary value problem of numerical simulations, namely, ozone changes in response to boundary or forcing values, such as atmospheric chlorine load, temperature fields, and volcanic eruptions. These results have nothing to do with initial values of all variables. Thus, the three-dimensional chemical transport models have never been used for ozone forecasts as weather forecast models, while the statistical models have been used and validated for ozone and UV forecasts (Plets and Vynckier 2000) .
There are two key points to consider in the predictability of the atmosphere: the initial value problem (the first kind problem) and the boundary value problem (the second kind problem) (e.g., Kalnay 2002 ). Both problems have been studied generally in meteorological simulation models-for example, operational weather forecast models and global warming prediction models-and it is established that atmospheric models cannot forecast weather deterministically beyond a few weeks (Lorenz 1965) . However, the initial value problem for three-dimensional chemical transport models has never been investigated to the authors' knowledge. This paper describes the result of experiments on the initial value problem using the Meteorological Research Institute's global three-dimensional Chemical Transport Model (MRI-CTM).
The model is composed of detailed chemistry and transport processes in the stratosphere, and coupled with a general circulation model that incorporates a meteorological assimilation system. MRI-CTM can also generate objective analyses of global ozone distributions continuously with data assimilation to satellite measurements of total ozone. The objective analyses have been used as the initial fields of ozone forecasts. Predictability of total ozone has been evaluated for periods of 1 day to 4 weeks. The total ozone forecasts exhibit better accuracy than the persistence up to 2 weeks. This suggests that the deterministic limit of the total ozone forecasts is comparable to that of weather forecasts in terms of forecast length.
This study assesses the initial value problem of total ozone with a chemical transport model and is expected to be a basis of enabling midrange (more than 2-day) forecasts of the surface UV-B radiation. We provide a description of MRI-CTM in section 2, model results and discussions in section 3, and conclusions in section 4.
Model description
MRI-CTM is an online simulation model for stratospheric and mesospheric chemical species, especially stratospheric ozone. The model is coupled with an atmospheric general circulation model (AGCM), a fourdimensional data assimilation system for the AGCM, and a total ozone assimilation system for MRI-CTM. The atmospheric module, or AGCM, is a spectral global model called the MRI/Japan Meteorological Agency 1998 (MRI/JMA98) general circulation model (MJ98 GCM), which was developed by the Climate Research Department of the MRI and JMA. It is based on an operational model used for weather forecasting in JMA. Details of MJ98 GCM and its climatological properties are described by Shibata et al. (1999) and references therein. MRI-CTM can be operated at discretionary horizontal, vertical, and temporal resolutions. The horizontal grid points and vertical layers currently coincide with those of MJ98 GCM. The present version calculates the concentrations of 41 chemical species, each of which is governed by transports, wet and dry depositions, emissions, phase changes, and chemical reactions. JMA objective analysis datasets are used for data assimilation of meteorological fields, and Earth Probe (EP)/TOMS measurements performed by the National Aeronautics and Space Administration (NASA) are used for total ozone assimilation.
a. Transport and deposition
The advective transport for chemical species is performed using a three-dimensional semi-Lagrangian scheme of cubic interpolation. The upstream point of each grid is searched with both horizontal and vertical winds derived from MJ98 GCM. The mixing ratios of each species are then calculated with nonnegative constraints.
Wet deposition is represented as a first-order loss process,
where c is the gas concentration, t is time, and r is the loss resistance [set to 432 000 s (ϭ 5 days) in this study].
This process is applied to nitric acid (HNO 3 ) and hydrochloric acid (HCl) in the troposphere when water vapor is saturated in the grid point, that is, representing in-cloud conditions. This loss rate keeps the amount of odd nitrogen family (NOy) or odd chlorine family (Cly) in the troposphere almost constant and reasonable. Although this rate was determined empirically, we have mainly focused on the stratosphere and supposed that the influence of the tropospheric perturbation upon the stratospheric ozone is small in several-year simulations. Dry deposition is applied only for surface ozone (including oxygen atoms Ox) and is represented as
where c is the gas concentration, t is time, and ␤ is the loss coefficient that depends on surface conditions (e.g., land, ocean, or iced surface) in MJ98 GCM. The corresponding loss coefficient is expressed by
where D (centimeters per second) is the dry deposition loss rate associated with the surface condition, and H (centimeters) is the height of the surface layer in MJ98 GCM. The loss rate D of ozone is set to 0.5 over land surfaces, 0.05 over sea surfaces, and 0.025 over land covered with snow or ice. These values are within the range of observations by Aldaz (1969) and Jacob et al. (1992) . Chemical species originating naturally or anthropogenically from the surface-nitrous oxide (N 2 O), methane (CH 4 ), odd nitrogen family (NOy), odd chlorine family (Cly), and carbon monoxide (CO)-were constrained at the bottom boundary, at which their emission rates are given as functions of the latitude, instead of imposing the fluxes at the surface. The bottom boundary constraints keep the abundance of nitrogen atoms, carbon atoms, and chlorine atoms in the atmosphere of the 1990s. In contrast, bromine atoms are not supplied or removed anywhere; consequently the total amount of bromine atoms in the atmosphere is kept constant.
b. Chemistry
The chemical module includes 25 predictive species transported and 17 diagnostic species as members of chemical families (appendix A). The volume-mixing ra-
, and molecular hydrogen [(H 2 ) ϭ 0.5 ppmv] are assumed to be constant. The module calculates 23 photolytic reactions, 71 gas-phase reactions, 5 heterogeneous reactions on PSCs, and 2 heterogeneous reactions on sulfate aerosols (appendix B). The photodissociation frequencies (J values) are calculated for each time step and for each grid point as in Lefèvre et al. (1994) , using a four-dimensional lookup table expressed as a function of altitude, solar zenith angle, column ozone, and surface albedo. Reaction rates and cross sections used in the model are taken from the Chemical Kinetics and Photochemical Data series compiled by the Jet Propulsion Laboratory (JPL) (DeMore et al. 1997; Sander et al. 2000) .
Water vapor (H 2 O), nitric acid (HNO 3 ), and hydrochloric acid (HCl) are condensed, sedimented, and evaporated in the atmosphere as a function of H 2 O and HNO 3 partial pressures; their saturation vapor pressures are given by Hanson and Mauersberger (1988) and by Marti and Mauersberger (1993) . The condensed particles, known as PSCs, are assumed to have a radius of 1 m for type I, or 10 m for type II (Lefèvre et al. 1994) . The surface area density of stratospheric sulfate aerosols is assumed to be uniform and fixed persistently. Heterogeneous reaction probabilities and uptake coefficients are taken from DeMore et al. (1997) , Sander et al. (2000) , and Carslaw et al. (1997) .
c. Data assimilation
Numerical model simulations need data assimilations in order to acquire actual fields and to set realistic initial conditions for predictions. In our four-dimensional data assimilation system, a nudging assimilation method (NAM), which adds a tendency at each time step in the form of Newtonian relaxation forcing, is used as below:
Here, x is a dynamical or chemical variable, x analysis is an observed variable at the grid, and is the e-folding time of relaxation. The default value for the constant in meteorological assimilations is 24 h, which is determined from a sensitivity study. E-folding times shorter than 24 h in the sensitivity study often produced artificial temporal spikes in assimilated components, while longer e-folding times failed to follow the observed fluctuations. The system uses JMA optimal global analysis data (GANAL) of 6-h interval as the observed variables, which are reduced or interpolated horizontally and vertically to adjust to the resolutions of MJ98 GCM. Currently, only wind components are subject to the assimilation because the relaxation term for temperature produces additional diabatic heating or cooling, which induces artificial meridional circulation, resulting in an unexpected but wrong effect on the simulated atmosphere (Miyazaki et al. 2005 , manuscript submitted to J. Meteor. Soc. Japan). The relaxation term for humidity also yields the wrong effect through the modification of convection. The relaxation of Eq. (4) is applied for the region above 850 hPa and below 10 hPa, because the vertical spacing of GANAL is too coarse below 850 hPa to represent the planetary boundary layer and GANAL does not have data above 10 hPa. A similar relaxation method with an e-folding time of 48 h is used for ozone, but only the column ozone is assimilated into the value observed by EP/TOMS. In addition, the ozone assimilation is made not every time step but 24-hourly because the satellite measurements of each grid point are conducted once per day or less frequently. Furthermore, the assimilation is made only for the points where EP/TOMS data exist, and its timing is set equal to that of EP/TOMS observation, that is, local noontime. In the assimilation, a shape-preserving method is used, in which a vertically constant coefficient is multiplied at each altitude.
d. Experiment
In this study, the horizontal resolution of MRI/ JMA98 GCM was set at triangular 42 truncation (T42), corresponding to the associated Gaussian grids of 64 ϫ 128 in latitude and longitude spaced approximately 2.8°b y 2.8°. Its vertical resolution was set to 45 layers, of which the top level is set at 0.01 hPa (approximately 80 km) around the mesopause in the hybrid -pressure coordinate (Simmons and Burridge 1981) , which is terrain following in the troposphere and becomes a pressure coordinate in the middle atmosphere. The grid points of both the chemistry and transport of MRI-CTM coincide with those of MJ98 GCM. The time step of MJ98 GCM was set to 10 min, while that of chemistry and transport processes was set to 20 min using twostep average wind and temperature derived from MJ98 GCM. The simulation was performed under a climatological sea surface temperature.
At first, a 5-yr simulation (1 March 1996 to 28 February 2001) was made as a control run with assimilation for both meteorological fields and total ozone field, using GANAL and EP/TOMS measurements. Zonal symmetric fields of chemical species were used as initial conditions of the control run. The zonal initial fields, which were prepared previously, have a role of temporary dummy distributions. Ten-month spinup runs were made between March 1996 and December 1996 in order to obtain stabilized three-dimensional distributions of chemical species. A 28-day hindcast experiment was then conducted without any assimilation, using meteorological and chemical fields as of 1 January 1997, acquired via the control run, as initial conditions. In the same way, the next 28-day hindcast experiment was conducted using initial conditions as of 1 February 1997, as shown as Fig. 1 . Repeating such operations for 4 yr provided 48 hindcast experiments from January 1997 to December 2000. Consequently, four-member ensembles of the hindcast were obtained each month of a year.
Results and discussion
The following two measures are utilized as used for weather forecasts in order to examine how accurately the model results reproduce observed fields. First, the root-mean-square error (rmse) at time t is defined as
where E[] represents a spatial mean value areally weighted by latitude at time t, F t,i is the simulated value at time t and grid i, and A t,i is the corresponding observed value. Second, the anomaly correlation coefficient (ACC) at time t is defined as
where C i represents the climatological value of F t,i at grid i. Though needless to say, r t is equal to 1 if the simulation and observation are completely correlated, while it is equal to 0 if there is no correlation.
a. Global view
Seasonal variations of global rmse of total ozone are plotted for the hindcast experiments and the control run in Fig. 2 , which also shows global means of total ozone measured by EP/TOMS. Data are calculated only for the grid points where EP/TOMS measurements exist, and they are averaged for 4 yr (from 1997 to 2000). It should be noted that the data-sampling time differs between the model and EP/TOMS. The simulated total ozone is obtained from instantaneous distributions at 0000 UTC, while EP/TOMS data are simply assumed to represent the data at 0000 UTC. EP/TOMS observations are made at about local noontime, which is retarded or advanced up to 12 h from 0000 UTC. As can be readily demonstrated from the analysis of EP/ TOMS data or simulated data, the daily total ozone variation at each grid point in the midlatitudes often ranges over more than 10 Dobson units (DU; not shown); it implies that the 12-h difference could result in the error of more than 5 DU. This time difference is one of the reasons that the control run has a nearly constant 10 DU error, 3% relative error to EP/TOMS measurements of about 300 DU, throughout a year. The other possible reasons are the limitations of our assimilation scheme, the low model resolution, and the model bias. To be specific, the error grows further by a few Dobson units in spring (February, March, and April) and in autumn (September and October). In contrast, the errors of the hindcasts increase rapidly during the first week and eventually stabilize at approximately 30 DU in 2 or 3 weeks throughout a year. As in the control run, the errors of the hindcasts tend to grow larger in spring and autumn than in summer and winter.
b. Predictability in the northern midlatitudes
Figure 3 presents seasonal variations of the ACC of total ozone in the midlatitudes of the Northern Hemisphere (20°-60°N) for the hindcast and persistence. The variations are averaged for 1997 to 2000. The climatology of total ozone is compiled monthly from daily EP/ TOMS measurements of the same period from 1997 to 2000. ACC at the initial date is close but not equal to unity due to the above-mentioned interpretation of the data-sampling time. ACCs of the hindcasts are better than those of the persistence up to about 2 weeks, indicating that the hindcasts produce meaningful results during this period, namely, a meaningful time span (MTS) of the model. There is also another measure for forecast or hindcast accuracy, that is, a criterion of 0.6 for ACC as used in weather forecasts (e.g., Krishnamurti et al. 2003) . When ACCs exceed 0.6, ozone spatial distribution patterns generally agree fairly well with each other. Figure 4 illustrates three example distributions of total ozone in February 1999, when the ACCs are 0.84 (initial), 0.70 (3-day integration), and 0.60 (9-day integration). In spite of the coarser spatial resolution, the model reproduces patterns and values of lows and highs very similar to those of observations except for the lowest ACC of 0.6 (lower panel), in which the model hindcast fails to reproduce the ridges over North America and central Siberia.
In Fig. 3 , ACCs of the 3-day integrations are as high as 0.8 in May, September, October, and November, and remain high (approximately 0.7) in other months, demonstrating that the model is able to produce good 3-day hindcasts. Even for the 5-day hindcasts, ACCs are very close to 0.6 on average. The initial 5-day averaged ACCs of the hindcast experiments are higher in autumn and lower in summer (Fig. 5a ). For longer-term hindcasts, ACCs are largely dependent on months. For example, ACCs of 7-day integrations still remain at about 0.6 in September, while they drop to about 0.2 in July and August. In contrast, ACCs of the persistence drop down more rapidly from the first day than those of the hindcast experiments. Overall, the ACC of the persistence is about 0.5 (0.3) after 3 (5) days, which means that there is virtually less anomaly correlation. The ACC of the persistence exhibits lower values in summer, similar to the hindcast experiments. Nonetheless, the MTS of hindcast experiments decreases in winter more than in summer (Fig. 5b) . The hindcast experiments yield much better total ozone than the persistence for the first week in the northern midlatitudes, and this holds true even for the second week on average. When the distribution of total ozone is zonal, the persistent field is similar to the measurements. Consequently, the model hindcasts in zonal distributions have less advantage over the persistence. Similarly, even in the Northern Hemisphere, total ozone distributions are relatively zonal in summer, and thus MTS of the model hindcasts tends to decrease in this period. 
c. Predictability in other latitudes
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persistence are also shown in Fig. 5b . The former (Fig.  5a) indicates the absolute capability of the model hindcast, and the latter (Fig. 5b) indicates the relative capability, namely, the MTS of the model hindcast. Note that we could not plot the data in the northern high latitudes in December and January because there are few satellite measurements there in that season. In the northern midlatitudes, as mentioned above, 5-day-averaged ACCs of hindcasts are higher in autumn and lower in summer, and MTS is higher from July to September and lower in winter. The same seasonal features also appear in the northern high latitudes except in April; the model hindcast in the northern high latitudes shows as good accuracy in April as in autumn.
In the Tropics, 5-day-averaged ACCs of hindcasts are generally less than 0.5 throughout the year. That means there is virtually no correlation between the hindcasts and satellite measurements in this region. MTS is almost one day throughout the year. The model hindcast in the Tropics, therefore, has no advantage over the persistence. The main reason for the low ACCs in the Tropics is that our chemical transport model has a negative bias for total ozone over the Tropics.
The Southern Hemisphere has different seasonal features. Five-day-averaged ACCs are higher in November and December-that is, late spring and early summer-than the other months in both the high and midlatitudes. Specifically, the best-forecast season in the Southern Hemisphere is not autumn in contrast to the Northern Hemisphere. In comparison with the persistence, the model hindcasts show the best accuracy not in autumn but in summer, especially in December, in both the southern high and midlatitudes. In winter, hindcasts of both hemispheres have a smaller advantage over the persistence. It should be stressed that the seasonal phase of predictability of total ozone in the Southern Hemisphere is quite contrary to that of meteorological fields (e.g., Krishnamurti et al. 2003) .
There is no outstanding difference in ACCs between the Northern Hemisphere and the Southern Hemisphere as to the initial 5-day integration; the ACCs are almost 0.7 on average in the high and midlatitudes. For MTS, however, the model yields better hindcasts in the Northern Hemisphere than in the Southern Hemisphere, except in the southern high latitudes in summer. In general, ACCs between the persistence and satellite measurements are better in the Southern Hemisphere than in the Northern Hemisphere because the Southern Hemisphere has more zonal distributions of total ozone due to fewer disturbances there. As mentioned above, the model hindcast has less advantage over the persistence when total ozone distributions are relatively zonal.
d. Comparison with geopotential height
Most of the ozone in the atmosphere is located in the lower stratosphere between 100 and 10 hPa, and the stratospheric ozone distribution is mainly governed by atmospheric dynamics (e.g., Dobson 1963) . Thus, the accuracy of meteorological hindcasts in the lower stratosphere could be the most important factor in total ozone hindcasts. To evaluate the accuracy of meteorological hindcasts, the ACC of 100-hPa geopotential height, which is a proxy for the hindcast accuracy in the lower stratosphere, between the model and GANAL is plotted in Fig. 6 , and compared with that of total ozone between the model and EP/TOMS measurements. The correlations are for the midlatitude of the Northern Hemisphere (20°-60°N) and are averaged for 4 yr (from 1997 to 2000). The climatological geopotential height is based on GANAL for the same period.
ACCs of 100-hPa geopotential height, as a whole, decrease from the initial value of about 0.9 to about 0.8 three days later, about 0.7 five days later, and about 0.5 even seven days later. These ACCs thus decrease more slowly than ACCs of total ozone. For total ozone, ACCs decrease from the initial value of about 0.9 to about 0.7 three days later, 0.6 five days later, and about 0.4 seven days later. Since ACCs of 100-hPa geopotential height are above 0.6 within 6 days on average, the model has the meteorological hindcast accuracy within 6 days for the lower stratosphere. The model accuracy decreases in summer (July and August); this is a common feature in the troposphere for numerical prediction models (e.g., Krishnamurti et al. 2003) and, briefly, resembles the seasonal dependence of the total ozone forecast as stated before. A close inspection of Fig. 6 reveals that the season of the best forecast is different between 100-hPa geopotential height and total ozone. The hindcast of 100-hPa geopotential height attains its best in winter as do other numerical predictions (e.g., Krishnamurti et al. 2003) , while the hindcast of total ozone is best in autumn, not winter. Since the chemical lifetime of odd oxygen (O ϩ O 3 ) in the lower stratosphere is long compared to the time constant associated with transport by the mean meridional circulation (Jackman et al. 1996) , transport from the middle stratosphere in the low latitudes-that is, the main source of stratospheric ozone-to the lower stratosphere in the mid-or high latitudes mainly determines the global distribution of total ozone (e.g., Dobson 1963) . The poleward transport-that is, the Brewer-Dobson circulation-is mainly regulated by the "pumping" due to the planetary wave breaking in the winter hemisphere (e.g., Holton et al. 1995) . According to these explanations, odd oxygen is transported poleward preferentially in the winter hemisphere, but it does not penetrate into the polar region due to the polar vortex barrier. Thus the total ozone in the midlatitudes continues to increase until the break of the polar vortex. As the result, the total ozone in the midlatitudes peaks in early spring. In contrast, our chemical transport model seems to overestimate the poleward transport, resulting in too much accumulation of odd oxygen in the midlatitudes from autumn to winter. This error accumulation of odd oxygen in the model results in the time difference in the best hindcasts between total ozone and 100-hPa geopotential height. The seasonal variation of the error accumulation is closely related to the ozone hindcast accuracy; the best hindcast in autumn is probably due to the smallest error accumulation in the model.
Concluding remarks
We have made total ozone hindcasts up to 4 weeks using a three-dimensional chemical transport model, which includes full chemistry in the stratosphere. The model is integrated to assimilate total ozone and meteorological fields using EP/TOMS measurements and GANAL. Initial fields for the hindcasts are then taken from the integration. The total ozone hindcasts have been validated with EP/TOMS measurements.
Global rmses of the assimilated data are approximately 10 DU, which is 3% of total ozone. The errors rapidly increase from this initial value in the first week, and eventually stabilize at 30 DU in 2 or 3 weeks. The global rmses remain within 30 DU, which is still less than 10% of total ozone, in 4 weeks.
An analysis of the extratropical area in the Northern Hemisphere for 4 yr demonstrates that the hindcasts of total ozone are better than the persistence up to 1 or 2 weeks; hence the model simulation within this period provides meaningful hindcasts. Seen from another standpoint-that is, the criterion of ACC Ն 0.6-the hindcasts reproduce well actual changes of ozone distributions up to 5 days when their ACCs exceed 0.6 on average. In the Southern Hemisphere, the meaningful time span (MTS) of the hindcasts is several days shorter, while the ACC is as high as in the Northern Hemisphere. The shorter MTS results from more zonal distributions of total ozone in the Southern Hemisphere, and the model hindcasts have less advantage over the persistence.
As expected, the predictability of the meteorological conditions in the lower stratosphere influences the predictability of total ozone. ACCs of 100-hPa geopotential height hindcasts decrease from the initial value of about 0.9 to about 0.7 five days later in the northern midlatitudes, being synchronized with a decrease in ACCs of total ozone hindcasts from the initial value of about 0.9 to about 0.6 in the same period.
MRI-CTM yields accurate ozone forecasts not only in short range but also in medium range (up to 2 weeks) periods, which are much longer than those of statistical models (e.g., Long et al. 1996; Burrows 1997; Rikus 1997) . Those statistical models yield meaningful forecasts only for 4 days or less. It is important to remember that our analysis and hindcast can be also used as a proxy of the observations of satellites, sondes, or spectrophotometers to fill in their blanks and sparse measurements. In addition, MRI-CTM provides vertical profiles of ozone at each grid point, while EP/TOMS measurements do not. Consequently, MRI-CTM can make four-dimensional data in time and space of atmospheric chemical species, which cover the entire globe, like meteorological objective analyses.
MRI-CTM is found to be accurate enough to be used for midrange forecasts of UV irradiance under clear skies. The practical forecast of UV irradiance, however, has to include cloud and aerosol effects. JMA and MRI are now developing a UV forecast system based on MRI-CTM, the NWP model, and a UV radiation model.
To raise ozone forecast accuracy, the lower stratospheric forecast accuracy of the atmospheric module, or GCM, should be improved, because total ozone has strong dependency on the lower stratospheric circulation. For instance, increased vertical resolution of the model may have great potential for providing more realistic ozone forecasts.
We have generated objective analyses of global ozone distributions, which have been used as the initial fields of ozone hindcasts, assimilating total ozone to EP/TOMS measurements. Our assimilation scheme adjusts ozone concentrations of each grid, multiplying them by altitude-independent coefficients, to fit the vertically integrated ozone amounts in the model to EP/TOMS measurements. It is necessary to improve the data assimilation process by using other measurements that include vertical ozone profiles. model was done by Dr. K. Orito. We thank Dr. Guy Brasseur for providing program codes of some chemical reactions. Fruitful discussions with T. Y. Tanaka, M. Chiba, M. Deushi at MRI, and T. Sasaki at JMA are greatly appreciated. Constructive comments by two anonymous reviewers significantly improved the final paper. EP/TOMS data used in the analysis were obtained via the World Wide Web from NASA's site. 
